Ceftazidime is a broad-spectrum cephalosporin with high-level activity against a variety of Gram-negative pathogens, including Pseudomonas aeruginosa. Improved outcomes are associated with cumulative percentages of a 24-h period that the drug concentration exceeds the MIC under steady-state pharmacokinetic conditions (%T MIC ) of >45 to 70% of the dosing interval. Optimal dosing to achieve a 90% probability of target attainment (PTA) in patients receiving high-flux hemodialysis (HFHD) is unknown. We used existing data from six anephric adults receiving hemodialysis to construct a population model with the Pmetrics package for R. From the final model's joint probability density, we simulated the PTA for various ceftazidime dosing regimens, HFHD schedules, and organism MICs. For HFHD every 48 h and 1 g of ceftazidime given posthemodialysis, the PTA exceeds 90% for all isolates with MICs of <8 g/ml, assuming a goal of 70%T MIC . For 72-h dialysis intervals, postdialysis dosing of 1 g is adequate for achievement of the 70%T MIC goal only for organisms with MICs of <4 g/ml, while 2 g is adequate for organisms with MICs of <8 g/ml. A dose of 500 mg once daily, regardless of HFHD schedule, has a 90% PTA for organisms with MICs of <16 g/ml, while 1 g once daily may achieve 100% PTA even for resistant organisms with a MIC of 32 g/ml. Therefore, to ensure maximal ceftazidime activity, once-daily dosing of 500 mg to 1 g ceftazidime in patients receiving HFHD may be preferable for critically ill patients when MIC data are unavailable and for more resistant organisms with ceftazidime MICs of 16 to 32 g/ml.
W ith increasing bacterial resistance, optimal dosing strategies for antibiotics are required to improve outcomes (1, 2) . Unfortunately, few dosing schemes have been developed for patients receiving high-flux hemodialysis (HFHD). Furthermore, bloodstream infections are common in hemodialysis patients, with Gram-negative bacilli accounting for 14 to 43% of these events (3) (4) (5) (6) . With few new drugs for Gram-negative bacilli on the horizon, optimization of potent drugs with activity against Gramnegative organisms, such as ceftazidime, is now more important than ever.
Like all other beta-lactam antibiotics, ceftazidime exhibits time-dependent killing of bacteria (7, 8) . The bactericidal effect of these agents correlates with the time during a 24-h period that the drug concentration exceeds the MIC under steady-state pharmacokinetic (PK) conditions (T MIC ). With cephalosporins, the cumulative percentage of a 24-h period that the drug concentration exceeds the MIC under steady-state pharmacokinetic conditions (%T MIC ) has been reported to be at least 35 to 40% for stasis and 60 to 70% for near-maximal kill in neutropenic animal models (9) (10) (11) . Evaluations of clinical data from humans have demonstrated lower %T MIC targets for specific cephalosporins (12) . More recently, analysis of data from a randomized phase III clinical study found that 45%T MIC predicted favorable outcomes for ceftazidime in hospital-acquired pneumonia patients (13) . Although there are few ceftazidime-specific pharmacodynamic data beyond this study, a goal of 70%T MIC would represent a more conservative endpoint, particularly for neutropenia, which generally requires a greater %T MIC .
Ceftazidime MIC 90 values from numerous surveillance studies range from 16 to 32 g/liter (14) (15) (16) (17) (18) (19) . These elevated MIC values can impede achievement of the goal pharmacodynamic parameter %T MIC , potentially compromising clinical outcomes. In order to maximize efficacy, changes in antibiotic dosing have been made for patients with normal renal function, including increasing dose, frequency, and infusion time (15, (20) (21) (22) (23) . However, adjustments in ceftazidime dosing to compensate for increased MICs have not been studied in HFHD patients.
Since 80 to 90% of ceftazidime is eliminated unchanged in the urine (24) , the half-life in end-stage renal disease is increased to 28 to 45 h, compared to 1 to 2 h in patients with normal kidney function (25, 26) . Given this prolonged half-life, the FDA-approved package labeling recommends a loading dose of 1 g of ceftazidime, followed by 1 g after each hemodialysis session (24) . However, different studies have recommended a variety of dosing regimens for hemodialysis patients, ranging from 250 to 500 mg every 24 h to 1 g of ceftazidime after each dialysis session (25) (26) (27) . Dosing is further complicated by the current widespread use of HFHD, which was only an experimental treatment during the mid-1980s, when the original studies were conducted. Therefore, the aforementioned recommendations may not be relevant to the more rapid clearance observed with HFHD.
It is unknown how HFHD and elevated MICs affect the probability of achieving the target pharmacodynamic parameter. Thus, we modeled the probabilities of target attainment (PTA) of various ceftazidime dosing regimens in anephric adults receiving in-termittent HFHD to achieve 45%T MIC and 70%T MIC for free drug concentrations.
MATERIALS AND METHODS
To describe the nonrenal elimination of ceftazidime, we searched for published studies in which patient-level, individual concentrationtime data were documented for anephric patients during an interdialytic period. The following PubMed keywords were used in a search on 17 February 2013: ("ceftazidime" [MeSH terms] OR "ceftazidime" [all fields]) AND ("renal dialysis" [MeSH terms] OR "renal" [all fields] AND "dialysis" [all fields]), for all years. A single study meeting the inclusion criteria was identified (27) . In brief, six anephric adults received 2 g ceftazidime posthemodialysis, with seven blood samples drawn over a period of 24 h.
Population model building. One-and two-compartment models with simultaneous input and output components were developed with the Nonparametric Adaptive Grid (NPAG) algorithm within the Pmetrics package for R (Los Angeles, CA) (28, 29) . Elimination from the central compartment and intercompartmental distribution were modeled as first-order processes. Since no estimates of assay error were provided in the original study, we conservatively estimated a lower limit of sensitivity of 1 mg/liter for the microbiologic assay of ceftazidime in the serum (30) . Hence, we utilized an assay error polynomial (i.e., SD ϭ C 0 ϩ C 1 Y ϩ C 2 Y 2 ϩ C 3 Y 3 ) with inputs of 0.5, 0.15, 0, and 0. The inverse of the estimated assay variance was used as the first estimate for weighting in the PK modeling. Final weighting was accomplished by making the assumption that total observation variance was proportional, with a scalar, gamma, to assay variance. The best-fit model was determined by the rule of parsimony and the lowest Akaike's information criterion (AIC) score. Median Bayesian posterior parameter estimates for each patient were used for calculations of predicted ceftazidime concentrations. Goodness of fit was assessed by regression, with an observed-predicted plot, coefficients of determina-tion, and log-likelihood values. Predictive performance evaluation was based on mean prediction error (bias) and the mean bias-adjusted squared prediction error (imprecision) of the population and individual prediction models.
Simulations and PTA. For simulations, we used a semiparametric sampling method (29, 31) available in Pmetrics, rather than a normal or log-normal distribution, to best capture any deviances from normality. We simulated free ceftazidime concentrations after pharmacokinetic parameters were derived, using a conservative free fraction of 80% (24) . The final model consisted of six support points, and each point was a set of model parameter values and the probability of those values to predict observed ceftazidime concentrations in the population. Each support point then served as the mean for a multivariate normal distribution, weighted by the probability of the point, with covariance equal to the covariance matrix of the full model divided by the number of points, i.e., six. The semiparametric sampling from this weighted, multivariate, multimodal normal distribution generated a novel population of 1,000 parameter sets. From each of the 1,000 sets of parameters, a concentrationtime profile was created for each of several interdialysis ceftazidime dosing schemes at steady state: 500 mg every 24 h, 500 mg every 48 h, 500 mg every 72 h, 1 g every 24 h, 1 g every 48 h, 1 g every 72 h, 2 g every 48 h, and 2 g every 72 h. Using the PTA functions in Pmetrics, we assessed the probabilities among the 1,000 profiles for each dosing regimen of achieving the pharmacodynamic goals of 45%T MIC and 70%T MIC for free drug at MIC values of up to 32 g/ml.
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RESULTS
The 2-g concentration-time curves for the six hemodialysis patients (27) are shown in Fig. 1 . When we fitted the models, the two-compartment model provided better data fits. Observed versus predicted plots are shown in Fig. 2 for the two-compartment model. The AIC for the two-compartment model was 131.6. Bias and imprecision were Ϫ3.09 and 180.2, respectively, for the population and Ϫ0.94 and 11.38, respectively, for the individual Bayesian posterior models. The final cycle gamma value was 0.62, indicating that there was low process noise and good-quality data. The six calculated support points and the covariance matrix in the lower triangular form are shown in Tables 1 and 2 .
Using Monte Carlo simulation of 1,000 concentration-time profiles for the primary analysis, the PTA for 45%T MIC and 70%T MIC were calculated for several ceftazidime dosing regimens, based on dialysis schedules of every 48 and every 72 h. These results are presented in Table 3 and Fig. 3 and 4 . For HFHD every 48 h, posthemodialysis dosing of 500 mg was found to achieve 90% PTA for the goal of 45%T MIC at MIC values of 8 g/ml or less. In contrast, if the pharmacodynamic goal was 70%T MIC , only organisms with MICs of 4 g/ml or less would likely achieve 90% PTA with posthemodialysis doses of 500 mg. For the goal of 45%T MIC , increasing the dose to 1 g posthemodialysis achieved Ͼ90% PTA for MIC values of Յ16 g/ml, while 2 g achieved Ͼ90% PTA even at a MIC of 32 g/ml. When targeting a goal of 70%T MIC , however, these regimens achieved Ͼ90% PTA for organisms with MICs of Յ8 g/ml and Յ16 g/ml, respectively.
For HFHD sessions every 72 h, 500-mg posthemodialysis doses of ceftazidime were unable to achieve goal target parameters for MICs of Ͼ4 g/ml and Ͼ2 g/ml for the goals of 45%T MIC and 70%T MIC , respectively. Similarly, posthemodialysis dosing was found to achieve 90% PTA for the goal of 45%T MIC at MICs of Յ8 g/ml and Յ16 g/ml for 1-and 2-g posthemodialysis doses, respectively. In contrast, for a goal of 70%T MIC , postdialysis dosing of 1 g was adequate only for organisms with MICs of Յ4 g/ml, while 2 g was adequate for organisms with MICs of Յ8 g/ml.
Once-daily dosing of ceftazidime maintained adequate serum concentrations of drug, regardless of the dialysis schedule. For either pharmacodynamic goal, dosing of 500 mg once daily for HFHD sessions every 48 and 72 h allowed over 90% PTA at MICs of up to 16 g/ml, although the PTA dropped rapidly, to less than 25%, for organisms with a MIC of 32 g/ml. However, 1 g given once daily achieved 100% target attainment even at a MIC of 32 g/ml. As shown in Fig. 5 , minimal drug accumulation is expected even if HFHD does not entirely remove residual ceftazidime.
In our sensitivity analysis, the simulated HFHD method that completely removed all ceftazidime with the first dialysis session had minimal impact on PTA goals for most dosing schemes and clinically relevant MICs (i.e., MICs of Յ8 mg/liter) compared to our primary model. The most significant differences seen between the primary model and the total clearance HFHD model were noted with (i) longer interdialytic periods (i.e., 72 h), (ii) daily dosing of ceftazidime, and (iii) a %T MIC goal of 70%. In this model, 1 g of ceftazidime daily achieved 100% PTA at MICs of Յ16 mg/liter, and postdialysis dosing of 2 g after each 72-h dialysis session resulted in 100% PTA for MICs of Յ8 mg/liter. Inflating the variance/covariance 3-fold and allowing simulation sampling to 3 times the fence limit did not appreciably change the findings (data not shown). 
DISCUSSION
Our findings indicate that 1 g of ceftazidime given once daily, regardless of hemodialysis schedule, is the most likely to achieve goals of 45%T MIC and 70%T MIC for organisms with MICs of up to 32 mg/liter. Current Clinical and Laboratory Standards Institute (CLSI) breakpoints define ceftazidime susceptibility as MICs of Յ4 g/ml for Enterobacteriaceae, based on 1 g every 8 h, and Յ8 g/ml for Pseudomonas aeruginosa, based on 2 g every 8 h, in patients with normal renal function (33) . Based on our analysis, in a patient with a Pseudomonas aeruginosa isolate with a MIC of 8 g/ml receiving 1 g of ceftazidime posthemodialysis, as recommended in the package insert, ceftazidime concentrations may fall below adequate %T MIC if hemodialysis and ceftazidime dosing are performed every 72 h. If we were to accept the lower goal of 45%T MIC as sufficient, our data suggest that the dosing regimen would have a 100% PTA; however, for a higher goal of 70%T MIC , the PTA would be only 72%, which could be too low for a neutropenic patient. However, increasing the dose to 2 g of ceftazidime posthemodialysis in the latter case achieves an adequate %T MIC for all "susceptible" organisms (isolates with MICs of up to 8 g/ml), even for HFHD and dosing every 72 h.
Given that Pseudomonas sp. ceftazidime MIC 90 values from surveillance studies range from 16 to 32 g/liter, we suggest a more aggressive approach of empirical daily dosing of 500 mg to 1 g, depending on local susceptibilities. This dosing would increase the likelihood of achievement of pharmacodynamic goals, even for organisms within the "intermediate" or "resistant" breakpoint categories (e.g., MICs of 16 to 32 g/ml). Dosing of ceftazidime could perhaps be modified later to a more convenient posthemodialysis regimen after the organism is identified and susceptibility testing is performed. Selection of the posthemodialysis dose would depend on the organism MIC, frequency of hemodialysis, and clinician determination of the most appropriate pharmacodynamic goal for the individual patient. Even with the most aggressive daily dosing scheme and longest dialysis period (i.e., 72 h) tested in our sensitivity analysis, peak concentrations for 95% of our simulations were not grossly different from mean peak concentrations for patients receiving FDA-approved dosages (i.e., 170 mg/liter for a 2-g dose of ceftazidime given over 30 min) (24) . Two-gram doses postdialysis (i.e., given every 48 h with 48-h dialysis period) resulted in peak free drug concentrations in serum of Ͻ200 mg/liter. While these peak concentrations should be safe for most patients and approximate exposures typically seen in practice (32) , clinical studies will be necessary to gain a full understanding of the balance between efficacy and safety. Clinicians should exercise prudence in deciding the level of aggressiveness necessary to safely and effectively treat their patients.
Prior literature has suggested a variety of dosing regimens for ceftazidime in the setting of conventional hemodialysis (i.e., non-HFHD). With this less efficient mode of hemodialysis, authors have recommended that patients should receive 50% of the maintenance dose posthemodialysis (25), 1 g of ceftazidime after every hemodialysis session (26) , 250-to 500-mg doses every 24 h (27), and 1 g every 36 to 48 h, with an additional dose of ceftazidime at the end of dialysis (32) . The current study is significant, as it is the first, to our knowledge, to (i) consider ceftazidime therapy in light of modern-day HFHD and (ii) assess probabilities of target attainment for elevated MICs by using advanced simulation techniques. Our findings are particularly important for Pseudomonas isolates, which appear more likely to display elevated MIC values than the Enterobacteriaceae, based on surveillance studies (4, 17, 20, 24, 25, 27) .
Limitations of this study include the use of a sample size of six patients for model development. While more patients might be preferable, to our knowledge such data are not available. Serum concentrations were drawn posthemodialysis in the original study, allowing the characterization of nonrenal clearance of ceftazidime, which remained unchanged regardless of HFHD clearance. The other ceftazidime studies previously mentioned had incomplete data, fewer concentration-time points, or characterized clearance during nondialysis.
Notably, the data we utilized were published in 1983 and did not provide details regarding assay bias and precision. The original study estimated ceftazidime plasma concentrations through the agar diffusion method, utilizing a standard strain from Glaxo (Proteus morganii 235). Although the authors did not describe this method in detail, the lower limit of sensitivity for the microbiologic assay of ceftazidime in the serum was reported in a separate study to be 1 mg/liter (30) . This study similarly utilized a microbiologic assay for ceftazidime and was conducted around the same time as the ceftazidime work by Hoffler et al. (27) , allowing us to better estimate assay variance in our model.
We have generated a model describing interdialysis ceftazidime pharmacokinetics in anephric adults receiving HFHD. For 72-h dialysis intervals, our model predicts that organisms with MICs of Յ4 g/ml could be treated effectively with postdialysis dosing of 1 g and that those with MICs of Յ8 g/ml could be treated with 2 g postdialysis to achieve the more aggressive endpoint of 70%T MIC . To ensure maximal ceftazidime activity, daily dosing of 500 mg to 1 g of ceftazidime may be preferable in a critically ill patient when the MIC is unavailable or is 16 to 32 mg/liter. Additional prospective data are needed.
